Phytochemical investigation of the MeOH extract of the roots and rhizomes of Saposhnikovia divaricata (Umbelliferae) resulted in the isolation of six chromons (1-6) and five polyacetylene derivatives (7-11). Compounds 9 and 11 were isolated from S. divaricate for the first time. The chromon derivatives (1-6) were evaluated for their cytotoxic activity against HL-60 human promyelocytic leukemia cells. Compound 1 (3'-O-angeloylhamaudol) showed the most potent cytotoxic activity with an IC 50 value of 4.41 M and was found to induce apoptotic cell death in HL-60 cells. The loss of mitochondrial membrane potential, release of cytochrome c into the cytoplasm, and activation of caspase-9 in the 1-treated HL-60 cells suggests that 1 induces apoptosis through the mitochondrial-dependent apoptotic pathway.
The roots and rhizomes of S. divaricata were subjected to extraction with MeOH. The concentrated MeOH extract was passed through a porous-polymer polystyrene resin (Diaion HP-20 TM ), and eluted with 30% MeOH, 50% MeOH, MeOH, EtOH, and EtOAc. The MeOH eluted fraction showed cytotoxic activity against HL-60 cells with an IC 50 value of 3.85 μg/mL, and was thus repeatedly subjected to column chromatography (CC) on silica gel and octadecylsilanized (ODS) silica gel, yielding compounds 1-11. Compounds 1-11 were identified as 3'-O-angeloylhamaudol (1) [4] , ledebouriellol (2) [3, 4] , divaricatol (3) [4] , sec-Oglucosylhamaudol (4) [3] [4] [5] [6] , cimifugin (5) [3, 4, 6] , 5-Omethylvisammioside (6) [4, 6] , (9Z)-heptadeca-1,9-diene-4,6-diyn-3-ol (7) [7] [8] [9] [10] , (9Z)-heptadeca-1,9-diene-4,6-diyne-3,8-diol (8) [8] [9] [10] [11] , (9Z)-1-methoxy-9-heptadecene-4,6-diyn-3-ol (9) [12] , (8E)-heptadeca-1,8-diene-4,6-diyne-3,10-diol (10) [13, 14] , and (8E)-10-hydroperoxy-1,8-heptadecadiene-4,6-diyn-3-ol (11) [13, 14] , on the basis of their physical and spectroscopic data ( Figure 1 ). Compounds 9 and 11 were isolated for the first time from the roots and rhizomes of S. divaricata. The chromon derivatives (1) (2) (3) (4) (5) (6) were evaluated for their cytotoxic activity against HL-60 cells by using a modified MTT assay method [15] (Table 1) . Compounds 1 and 2 showed cytotoxic activity with IC 50 values of 4.41 and 5.21 μM, respectively. Etoposide and cisplatin were used as the positive controls, and had IC 50 values of 0.41 μM and 1.61 μM, respectively. Compound 1 and the 11-hydroxy derivative (2) of 1 are chromon derivatives whose side-chain moiety forms a six-membered ring bearing an angeloyl group at the C-3' hydroxy group; they showed potent cytotoxic activity against HL-60 cells. Displacing the angeloyl group with an acetyl or glucosyl group diminished cytotoxic potency, suggesting that the presence of the angeloyl moiety enhances cytotoxic activity. The furanochromon derivatives (5 and 6) showed no cytotoxicity against HL-60 cells (> 100 M). Yokosuka et al.
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Next, the apoptotic induction activity of 1 in HL-60 cells was evaluated. HL-60 cells were treated with 50 μM of 1 for 16 h and observed using fluorescence microscopy after staining with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI). The cells exposed to 1 and 15 μM of etoposide displayed apoptotic chromatin condensation and nuclear disassembly ( Figure 2 ). In agarose gel electrophoresis of the DNA fraction of the 1-treated HL-60 cells, an apoptotic DNA ladder pattern was observed ( Figure 3 ). These results suggest that HL-60 cell death was mediated by 1 via the induction of apoptosis. Recently, mitochondrial dysfunction was found to play a key role during the early stage of apoptotic cell death [16] . Disruption of the mitochondrial membrane potential (ΔΨm) is one of the intracellular events that occur during the induction of apoptosis. The ΔΨm was detected using the MitoCapture TM Apoptosis Detection Kit (BioVision, CA, USA). MitoCapture TM is a cationic dye that fluoresces differently in healthy and apoptotic cells. The apoptotic cells display diffused green fluorescence, whereas the normal control cell displays punctate red fluorescence. When HL-60 cells were treated with 50 μM of 1 for 6 h, a green fluorescence was observed ( Figure 4 ).
Control

Etoposide 1 Cytochrome c is located in the space between the inner and outer mitochondrial membranes. Apoptosis triggers the release of cytochrome c from the mitochondria into the cytosol [17] . In order to analyze the release of cytochrome c in the apoptotic HL-60 cells treated with 1, the cytosolic and mitochondrial fractions were extracted, and cytochrome c was detected using Western blotting.
As a result, cytochrome c was shown to be present in the cytosolic fraction of 1-treated HL-60 cells ( Figure 5 ). Cytochrome c released into the cytosol interacts with Apaf-1, and the cytochrome c/Apaf-1 complex activates caspase-9, which then activates downstream caspase-3, a key protein in the execution of apoptosis [18] . When HL-60 cells were treated with 50 μM of 1 for 6 h, caspase-9 and caspase-3 were induced, as shown by the intermediate cleavage products (35 and 37 kDa) of caspase-9 ( Figure 6 ) and that of caspase-3 (17 kDa) (Figures 7 and 8 ). The above-mentioned results implied that firstly 1 induced the release of cytochrome c into cytosol by loss of mitochondrial membrane potential, and then activated caspase-9 and caspase-3 ( Figure 9 ). This is the first report on the cytotoxic and apoptotic induction activity of 3'-O-angeloylhamaudol (1). 
Experimental
General experimental procedures: Optical rotations were measured using a JASCO P-1030 (Tokyo, Japan) automatic digital polarimeter. NMR spectra were recorded on a Bruker DRX-500 (500 MHz for 1 H NMR, Karlsruhe, Germany) spectrometer by 
Cell culture and assay for cytotoxic activity against HL-60 cells:
HL-60 cells were maintained in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum and antibiotics (100 units/mL penicillin G sodium salt and 100 g/mL streptomycin sulfate) in a 5% CO 2 humidified incubator at 37°C. The cells were washed and suspended in the medium (4 x 10 4 cells/mL), and 196 L of this cell suspension was divided into 96-well flat-bottom plates. The cells were incubated in 5% CO 2 /air for 24 h at 37°C. After incubation, 4 L of EtOH/H 2 O (1:1) solution containing the sample was added to give the final concentrations of 0.1-100 M, and 4 L of EtOH/H 2 O (1:1) was added into control wells. The cells were further incubated for 72 h in the presence of each agent, and then cell growth was evaluated using a modified MTT reduction assay [17] . At the end of the incubation period, 10 L of 5 mg/mL MTT in phosphate-buffered saline (PBS) was added to each well and the plate was further incubated in 5% CO 2 /air for 4 h at 37°C. The plate was then centrifuged at 1,500 g for 5 min to precipitate the MTT formazan. An aliquot of supernatant (150 L) was removed from each well, and 175 L of DMSO was added to each aliquot to dissolve the MTT formazan crystals. The plate was mixed on a microplate mixer for 10 min, and then read on a microplate reader (Sunrise Rainbow RC-R, Tecan, Salzburg, Austria) at 550 nm. Each assay was carried out in triplicate and cytotoxicity was expressed as IC 50 , which is the concentration that reduces the viable cell number by 50%.
DAPI staining:
The cells (5 x 10 5 cells/well) were plated on coverslips in 96-well plates. After 24 h, HL-60 cells were treated with either 50 M of 1 or 15 M of etoposide for 16 h. The cells were fixed with 1% glutaraldehyde for 30 min at room temperature before staining with DAPI (0.5 g/mL in PBS) at room temperature. They were then observed immediately through a CKX41 fluorescence microscope (Olympus, Tokyo, Japan).
Assay for DNA fragmentation:
The cells were incubated with either 50 M of 1 or 15 M of etoposide for 21 h at 37°C. DNA was extracted with a commercially available kit (Wizard Genomic DNA Purification Kit, Promega, WI, U.S.A.). In brief, cells (2 x 10 6 ) were centrifuged for 5 min at 10,000 g. The cell pellet was suspended in 600 L of nuclei lysis solution. Then, 3 L of RNaseA solution was added to the cell lysate, and the solution was incubated at 37°C for 15 min. Protein precipitation solution (200 L) was added to the RNaseA-treated cell lysate, and the mixture was incubated for 5 min on ice and centrifuged at 10,000 g for 5 min. The supernatant was transferred to a clean 1.5 mL microcentrifuge tube containing 600 L of iso-PrOH and was mixed by inversion. After centrifugation at 10,000 g for 5 min, DNA was visible as a small white pellet, and was washed with EtOH/H 2 O (7:3) solution. Finally, the pellet was suspended in 25 L of DNA rehydration solution, incubated at 65°C for 1 h, and was stored at -20°C until use. The sample (15 L) was used for 2% agarose gel electrophoresis in 40 mM Tris-acetate-EDTA buffer (pH 7.4) at 50 V for 1 h. A DNA molecular weight marker (pHY marker, Takara, Shiga, Japan) and DNA from apoptotic HL-60 cells induced by 15 M of etoposide were used for calibration. The DNA fragmentation pattern was examined using the photographs taken under UV illumination.
Assay for mitochondrial membrane potential (ΔΨm):
The mitochondrial membrane potential (ΔΨm) was investigated using the MitoCapture TM Apoptosis Detection Kit (BioVision, CA, U.S.A.), according to the manufacturer's procedure. HL-60 cells (5 x 10 5 ) were treated with either 50 M of 1 or 15 M of etoposide for 6 h, and the cells were centrifuged and collected. Cells were centrifuged at 500 g for 5 min. Cell pellets were resuspended in 250 L of MitoCapture TM solution, incubated for 15 min at 37°C, and then centrifuged again for 5 min. Pellets were resuspended in 200 L of incubation buffer and observed by fluorescence microscopy.
Release of cytochrome c to the cytosol: The release of cytochrome c into the cytosol was examined using the Cytochrome c Apoptosis Detection Kit (PromoKine, Heidelberg, Germany), according to the manufacturer's procedure. HL-60 cells (2.7 x 10 7 ) were treated with either 50 M of 1 or 15 M of etoposide for 6 h, and the cells were centrifuged and collected. Cells were homogenized and isolated as cytosolic and mitochondrial extractions by employing the appropriate reagents. The cytosolic and mitochondrial fractions (10 g) were then loaded onto sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). A standard Western blot procedure was performed and probed with monoclonal mouse anti-cytochrome c antibody. TM sample reducing agent (Thermo Fisher Scientific), boiled at 70°C for 10 min, and subjected to SDS-PAGE. The proteins were transferred from the gel to polyvinylidene difluoride (PVDF) membranes using an electroblotting apparatus (Power Station 1000XP and HorizeBLOT 2M, ATTO, Tokyo, Japan). Membranes were incubated in TBS with 0.1% Tween-20 (TBST) containing 5% skim milk for 30 min to inhibit nonspecific binding. The membranes were then incubated with the following primary antibodies: anti--actin, anti-caspase-3, and anti-caspase-9 (MBL, Aichi, Japan). After washing in TBST for 30 min, membranes were incubated for another 60 min with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (1:1,000). The membranes were then washed and visualized with ECL Western blotting detection reagents (GE Healthcare Biosciences, Buckinghamshire, U.K.). -Actin expression was used as the internal control.
Assay for caspase-3 activation:
The activity of caspase-3 was measured using the Appocyto Caspase-3 Colorimetric Assay Kit (MBL). HL-60 cells (2 x 10 6 ) were treated with either 50 M of 1 or 15 M of etoposide for 17 h, and the cells were centrifuged and collected. Cell pellets were suspended in 60 L of ice-cold cell lysis buffer, and incubated on ice for 10 min. This cell pellet suspension was centrifuged at 10,000 g for 5 min and the supernatant was collected. The cell lysate (50 L, equivalent to 200 g protein) was mixed with reaction buffer (2 x 50 L) containing the substrates for caspase-3 [DEVD-pNA (p-nitroanilide)]. After incubation for 2 h at 37°C, the absorbance of the liberated chromophore pNA was measured using a microplate reader at 405 nm. The activity of caspase-3 was evaluated in triplicate.
